ABSTRACT Structural information for mammalian DNA pol-b combined with molecular and essential dynamics studies have provided atomistically detailed views of functionally important conformational rearrangements that occur during DNA repair and replication. This conformational closing before the chemical reaction is explored in this work as a function of the bound substrate. Anchors for our study are available in crystallographic structures of the DNA pol-b in ''open'' (polymerase bound to gapped DNA) and ''closed'' (polymerase bound to gapped DNA and substrate, dCTP) forms; these different states have long been used to deduce that a large-scale conformational change may help the polymerase choose the correct nucleotide, and hence monitor DNA synthesis fidelity, through an ''induced-fit'' mechanism. However, the existence of open states with bound substrate and closed states without substrates suggest that substrate-induced conformational closing may be more subtle. Our dynamics simulations of two pol-b/DNA systems (with/without substrates at the active site) reveal the large-scale closing motions of the thumb and 8-kDa subdomains in the presence of the correct substrate-leading to nearly perfect rearrangement of residues in the active site for the subsequent chemical step of nucleotidyl transfer-in contrast to an opening trend when the substrate is absent, leading to complete disassembly of the active site residues. These studies thus provide in silico evidence for the substrate-induced conformational rearrangements, as widely assumed based on a variety of crystallographic open and closed complexes. Further details gleaned from essential dynamics analyses clarify functionally relevant global motions of the polymerase-b/DNA complex as required to prepare the system for the chemical reaction of nucleotide extension.
INTRODUCTION
The genome template in every cell of the human body is continuously being contaminated by environmental chemicals, harmful radiation, and reactive oxygen species (Ames et al., 1990; Lindhal and Wood, 1999) . Cells have therefore devised various efficient ways to repair the DNA damage to help maintain genome integrity. The base excision repair pathway is used by cells to repair damage due to oxidation, alkylation, and ultraviolet radiation (Seeberg et al., 1995; Wilson, 1998) . DNA pol-b is the enzyme in this repair pathway that fills small nucleotide gaps with relatively high accuracy (''fidelity''). It selects from the pool of four (dATP, dCTP, dGTP, and dTTP) the single dNTP (2#-deoxyribonucleoside 5#-triphosphate) complementary to the template residue. The base substitution error frequency for pol-b is one per 10 3 bases, not including extrinsic correction machinery (Wilson, 1998) .
Pol-b has been crystallized (Sawaya et al., 1997) in complexes representing three intermediates of the opening/ closing transition: ''open binary complex'', containing pol-b bound to a DNA substrate with single nucleotide gap; ''closed ternary complex'', containing pol-bÁgapÁddCTP (pol-b bound to gapped DNA as well as 2#,3#-dideoxyribocytidine 5#-triphosphate (ddCTP)); and ''open binary product complex'', pol-bÁnick (pol-b bound to nicked DNA). Fig. 1 , b and c, illustrate the significant conformational difference between these open and closed forms. Structurally, pol-b is composed of only two domains, an N-terminal 8-kDa region that exhibits deoxyribosephosphate lyase activity, and a 31-kDa C-terminal domain that possesses nucleotidyl transfer activity. The 31-kDa domain resembles all structurally characterized polymerases to date, containing finger, palm, and thumb subdomains (Joyce and Steitz, 1994) . Studies on pol-b, therefore, can serve as a model for other DNA polymerases. The relatively small size of pol-b (335 protein residues and 16 DNA basepairs) also renders it attractive for computational studies.
Based on kinetic and structural studies of several polymerases (Ahn et al., 1997 (Ahn et al., , 1998 Vande Berg et al., 2001; Shah et al., 2001; Suo and Johnson, 1998; Kraynov et al., 1997; Zhong et al., 1997; Dahlberg and Benkovic, 1991; Kuchta et al., 1987; Wong et al., 1991; Patel et al., 1991; Frey et al., 1995; Capson et al., 1992) complexed with primer/template DNA, a common nucleotide insertion pathway has been characterized for some polymerases (e.g., HIV-1 reverse transcriptase, phage T4 DNA polymerase, Escherichia coli DNA polymerase I Klenow fragment) that undergo transitions between open and closed forms, like pol-b (Fig. 1 a) . At step 1, after DNA binding, the DNA polymerase incorporates a 2#-deoxyribonucleoside to form an open substrate complex; this complex is assumed to undergo conformational change to align catalytic groups and form a closed ternary complex at step 2; the nucleotidyl transfer reaction then follows: 3#-OH of the primer strand attacks the P a of the dNTP to extend the primer strand and form the ternary product complex (step 3); this complex then likely undergoes a reverse conformational change (step 4) back to the open enzyme form. This transition is followed by dissociation of pyrophosphate (PP i ) (step 5), after which the DNA synthesis/ repair cycle can begin anew.
The conformational rearrangements involved in steps 2 and 4 are believed to be key for monitoring DNA synthesis fidelity (Sawaya et al., 1997) . Binding of the correct nucleotide is thought to induce the first conformational change (step 2) whereas binding of an incorrect nucleotide may alter or inhibit the conformational transition. This ''induced-fit'' mechanism was thus proposed to explain the polymerase fidelity in selection of correct dNTP (Sawaya et al., 1997) . This mechanism suggests that the conformational changes triggered by binding of the correct nucleotide will align the catalytic groups as needed for catalysis, whereas the incorrect substrate will interfere with this process. However, no direct experiments have shown this effectively.
Although (Li et al., 1998) ; open rather than closed complexes, as expected, were also observed in a ternary pol-b R283A mutant (Beard et al., 1996) . Conversely, closed rather than open complexes were captured in crystals of B-family polymerases without substrate (Rodriguez et al., 2000) and binary complexes of DNA pol-l (Garcia-Diaz et al., 1998) . Furthermore, subdomain conformations of Bacillus Pol I (A-family) are known to be sensitive to specific crystal lattice contacts (Johnson et al., 2003) . These variations in outcomes as a function of the active site context are likely because subdomain rearrangements are subject to potential distortions FIGURE 1 General pathway for nucleotide insertion by DNA pol-b (a) and corresponding crystal open (b) and closed (c) conformations of pol-b/DNA complex. E, DNA polymerase; dNTP, 2#-deoxyribonucleoside 5#-triphosphate; PP i , pyrophosphate; DNA n /DNA n11 , DNA before/after nucleotide incorporation to DNA primer. T6 is the template residue (G) corresponding to the incoming dCTP.
because of crystal packing forces (Arnold et al., 1995) , crystallization conditions (e.g., necessity for extra moeity to stall chemical reaction), or factors other than presence/absence of substrate. Thus, dynamics simulations can be useful to pinpoint the nature of conformational changes in pol-b and their relation to the presence or absence of a substrate in the active site.
Broadly speaking, there is great interest in understanding polymerase mechanisms because of the importance of DNA polymerases in maintaining genome integrity and the relation of their malfunctioning to many diseases (e.g., cancer, premature aging). Still, detailed mechanisms of the conformational changes induced by binding of the correct dNTP and how these cycles differ for polymerases in diverse classes remain unknown. In this work, we analyze dynamics simulations to delineate the structural and dynamical changes that occur during the conformational change before the nucleotidyl transfer reaction (step 2, Fig. 1 a) , when the enzyme active site is occupied by the correct substrate on one hand, or no substrate at all. (Modeling studies of incorrect substrates have been reported by Florián et al., 2003 and Yang et al., 2002b and are under study by R. Radhakrishnan and T. Schlick, unpublished data) . We seek here to identify the rate-limiting conformational motions and mechanistic details associated with specific residues in the active site of pol-b to complement structural and kinetic data. Our use of principal component analysis (also called essential dynamics) aids visualization and quantification of the conformational changes that are difficult to recognize by visual inspection of dynamics trajectories because of the rapid thermal motions of atoms and voluminous number of conformations.
Significantly, we observe contrasting global subdomain motions as well as alignments of the catalytic residues in the presence versus absence of substrate in the pol-b binding site. The correct incoming substrate triggers a thumb subdomain ''closing'' motion with the alignment of the active site protein residues that favors the subsequent chemical step. The absence of the substrate leads to a thumb ''opening'' motion and is accompanied by local rearrangements near the active site that disfavor the chemical step. These results highlight the delicate and sophisticated network of global and local conformational changes that play an important role in recognizing the incoming substrate and hence polymerase fidelity. (Fig. 1 a) (Yang et al., 2002a,b) (prechemistry) in the presence of the substrate and without substrate in the active site to test the proposed ''induced-fit'' hypothesis (Li et al., 1998; Doublié and Ellenberger, 1998; Kiefer et al., 1998; Koshland, 1994; Beard and Wilson, 1998; Doublié et al., 1999) .
COMPUTATIONAL METHODOLOGY

Model building
For the first model with substrate, the intermediate pol-b complexed with DNA primer/template was constructed as an average of the crystallographic open, binary gapped complex (1BPX) and closed, ternary complex (1BPY) from the PBD/RCSB resource (Berman et al., 2000) . The incoming nucleotide (dCTP) along with catalytic and nucleotide binding Mg 21 ions is placed in the active site as in the ternary crystal closed complex. The hydroxyl group was added to the 3# terminus of the primer DNA strand. The missing protein residues 1-9 in the crystal structure were placed by using the INSIGHT II package, version 2000. CHARMM's subroutine HBUILD (Brünger and Karplus, 1988) was employed to add all hydrogen atoms to the crystallographic heavy atoms. The second model of the intermediate pol-b without substrate was constructed similarly, but without the incoming basepair (dCTP), catalytic magnesium ion, and nucleotide binding Mg 21 ion in the active site. In the intermediate state, the thumb subdomain is partially closed (Fig. 2 a1) , i.e., the thumb root-mean-square deviation (RMSD) is 2.5 Å compared to crystal open and 3.5 Å compared to crystal closed complex. Cubic periodic domains for both initial models were constructed using our program PBCAID (Qian et al., 2001) . To neutralize the system at an ionic strength of 150 mM, water molecules (TIP3 model) with minimal electrostatic potential at the oxygen atoms were replaced by Na 1 , and those with maximal electrostatic potential were replaced with Cl ÿ . All Na 1 and Cl ÿ ions were placed .8 Å away from any protein or DNA atom and from each other. The electrostatic potential for all bulk oxygen atoms was calculated using the DelPhi package (Klapper et al., 1986) . In total, both neutral systems consist of ;40,000 atoms including water of solvation (11,249 water molecules).
Minimization, equilibration, and dynamics protocol
Energy minimizations, equilibrations, and dynamics simulations for both systems were performed using the program CHARMM (Chemistry Department, Harvard University, Cambridge, MA) (Brooks et al., 1983) with the all-atom version C26a2 force field (MacKerell and Banavali, 2000) . First, each system was minimized with fixed positions of all protein and DNA heavy atoms using the method of steepest descent for 10,000 steps; this is followed by adapted basis Newton-Raphson minimization (Brooks et al., 1983; Schlick, 1992) for 20,000 steps. The 30 ps of equilibriation at 300 K was followed by further minimization using steepest descent and adapted basis Newton-Raphson until the gradient of RMSD was 10 ÿ6 kcal/ mol Å . Finally, the protein/DNA/counterions/water coordinates were reequilibrated for 30 ps at 300 K by the Langevin multiple time-step method LN (See Yang et al., 2002a) for a thorough examination of the stability and reliability of the integrator for large macromolecular systems in terms of thermodynamic, structural, and dynamic properties compared to single-time-step Langevin as well as Newtonian (Velocity Verlet) propagators (Yang et al., 2002a) . Our triple-time-step protocol uses an inner time step Dt ¼ 1 fs for updating local bonded interactions; medium time step Dt m ¼ 2 fs to update nonbonded interactions within 7 Å ; and outer time step of Dt ¼ 120 fs for calculating remaining terms; this yields a speedup factor of 4 over single-time-step Langevin dynamics at Dt ¼ 1 fs. The SHAKE algorithm was employed to constrain the bonds involving hydrogen atoms. Electrostatic and van der Waals interactions were smoothed to zero at 12 Å with a shift function and a switch function, respectively. The Langevin collision parameter of g ¼ 10 ps ÿ1 was chosen to couple the system to a 300°C heat bath. The total simulation length for each system is ;10 ns.
Geometric characteristics
The radius of gyration, R g , and root-mean-square deviations of the C a atomic positions in the dynamic trajectories with respect to the crystal, closed ternary complex and the open binary gapped complex, d rms , were monitored as a function of time. The radius of gyration is defined as:
where r i (t) and r CG (t) are the coordinates of atom i and of the center of gravity of the polymerase, respectively, at time t. N Ca is the total number of the C a atoms involved. The RMSD is defined as:
where r CRY i is the coordinate of atom i in the crystal structure, after a leastsquare fit superimposition with dynamic structures at time t.
The RMSD measure is not always effective in describing the trends in domain motions because different direction of motion can be realized. Therefore, we have devised a scheme to represent the RMSD data more effectively such that both the magnitude and direction of domain motions can be appreciated. Namely, we project the RMSD of the simulated structure on the line joining the geometric centers of a-helix N in the crystal open and closed conformation (see Fig. S1 in online Supplementary Material); the crystal open and closed conformations form two vertices of the triangle, and a simulated structure forms the third. The length of each side of the triangle is given by the RMSD of the thumb's a-helix N when the two structures at the end of the line are superimposed with respect to pol-b's palm subdomain. The a-helix N RMSD between crystal open and closed conformation is fixed (6.96 Å ). The shift distance (h) describes the displacement of the a-helix N of the simulated structure in the direction FIGURE 2 C a traces of superimposed pol-b/DNA complex with dCTP (a1) and without dCTP (b1) for the intermediate starting structure (yellow), crystal closed (red), and crystal open (green) and the trajectory final structures (blue). Notable are the residue motions in the thumb subdomain and the 8-kDa domain. The positions of a-helix N in the simulated systems are compared to the crystal structures and shown from two points of view in pabels a2 and a3, and panels b2 and b3. perpendicular to the line joining the geometric centers of a-helix N in the crystal open and closed conformation. When h is constant, the RMSD values alone are good indicators of the motion toward one of the crystal states; when h is not constant, RMSDs may be misleading. The variables L1 and L2 thus can describe the projected RMSD of the simulated structure with respect to the crystal open and closed conformations, respectively.
Motion analysis by essential dynamics
To better analyze the global motions of pol-b, the dynamics trajectories were analyzed according to the principal component (PCA) or essential dynamics (ED) method (Amadei et al., 1993) . This method aims to describe the overall dynamics of systems with a few collective, ''essential'' degrees of freedom in which anharmonic motion occurs. These motions comprise most of the positional fluctuations and are often functionally relevant. The remaining degrees of freedom represent not necessarily independent harmonic motions orthogonal to ''essential'' subspace that collectively describe much smaller positional fluctuations. The large number of biological systems that have been studied by this approach indicates its utility for analysis of domain motions (van Aalten et al., 1995 (van Aalten et al., , 1997 deGroot et al., 1996 deGroot et al., , 2001 Weber et al., 1998; Stella et al., 1999; Arcangeli et al., 2000a Arcangeli et al., ,b, 2001 ). To describe their collective motions, the covariance matrix C of atomic fluctuations along the dynamics trajectory (Amadei et al., 1993 ) is constructed. The matrix elements are given by
where X k is the coordinate vector at kth configuration (snapshot), and AEXae is the average structure over the entire dynamics simulation: AEXae ¼ ð1=MÞ+ k¼1;M X k . Diagonalization of covariance matrix produces the eigenvectors and eigenvalues as entries of L from the spectral decomposition:
where L is the diagonal matrix with eigenvalues l i : L ¼ diag(l 1 , l 2 , . . ., l 3N ). Each eigenvector V n defines the direction of motion of N atoms as an oscillation about the average structure AEXae. The normalized magnitude of corresponding eigenvalue is a measure of the amplitudes of motion along the eigenvector V n . If eigenvalues are arranged in order of decreasing value, the first few describe the largest positional fluctuations. Here we have applied this analysis only to C a atoms of the polymerase primarily to produce a manageable (diagonalizable) covariance matrix. This is reasonable because it has been systematically shown that there is a great similarity between the motions along the first few eigenvectors of C a matrix and those along the first few eigenvectors derived from the all-atom matrix (Amadei et al., 1993) . Of course, the raw data (configuration series) come from dynamics trajectories that allow all degrees of freedom to vary. A total of 335 atoms were included in the mode analysis, resulting in 1005 PCs (3 3 335). Snapshots were sampled from 10 ns of each trajectory at frequency of Dt ¼ 100 ps.
RESULTS AND DISCUSSION
Polymerase-b/DNA complex with bound correct incoming substrate (dCTP)
Subdomain motions
From the intermediate structure between the crystal open and closed conformations, we followed the motion of the polymerase subdomains over the 10-ns trajectory. The thumb moves toward the crystal closed conformation, although the structure after 10 ns is not superimposable with the crystal conformation (see Fig. 2 a1) . The motion of the thumb subdomain is strikingly visible from the position of a-helix N in the thumb subdomain. To assess the extent of motion quantitatively, we monitored the root-mean-square deviation of the a-helix N C a atoms throughout the trajectory with respect to the starting and crystal structures, and the radius of gyration, as shown in supplemental Fig. S3 a and in Fig. 4 a. The RMSD with respect to the starting structure suggests a movement .4 Å for a-helix N. However, the total RMSD of a-helix N with respect to the crystal closed conformation shows an unexpected increasing trend. This is because although the thumb moves toward the closed conformation as is clear from Fig. 2 , it does so at some angle to the closed conformation. Our modified scheme dissecting h, L1, and L2 allows us to quantify this axis shift h and to represent global motions more effectively (Fig. 3 a) . This modified scheme is important because the shift h rises to ;7 Å in the simulation with substrate (see supplemental Fig. S2 ). Motion of key residues in the active site
The thumb motion is accompanied by conformational changes of key protein residues in the substrate (dCTP) binding site. According to the current induced-fit hypothesis, the large conformational closing of the thumb directs the system to the subsequent step of nucleotidyl transfer along the polymerase kinetic pathway. From structural analyses of pol-b in the crystal open and closed conformations, several key residues have been implicated to act in concert with the thumb's movement (Sawaya et al., 1997) . In our simulation with substrate, we follow the dynamics of these key protein residues in addition to large global conformational changes. Essentially, we observe the rotation of Asp-192 to ligand with the catalytic Mg 21 , rotation of Arg-258 to bond with Tyr-296, and the flip of Phe-272 that positions itself between Arg-258 and Asp-192 to prevent the bond reformation. These local conformational changes in the substrate binding site can be visualized by superimposing the pol-b structure after 10 ns with the crystal closed and starting structures (Fig.  5 a) . These residues in the simulated structure overlap well with the crystal closed form, suggesting the approach of a stable closed conformation. In Fig. S4 (see Supplementary Material), the time evolution of crucial interatomic distances between key residues shows the bond breaking between Arg-258 and Asp-192 and bond formation between Arg-258 and Tyr-296 as discussed above.
Interestingly, we observe the rotation of Arg-258 in our 10-ns trajectories. Because the full Arg-258 rotation has been suggested to be a slow conformational change-from studies of pol-b's opening after chemistry (Yang et al., 2002a) and transition path sampling before chemistry (Radhakrishnan and Schlick, 2004 )-Arg-258's barrier may exist before reaching our intermediate structure. Indeed in that starting structure, Arg-258 was already significantly rotated toward the final closed conformation as in the ternary closed crystal complex. Further experiments and computational studies are underway to assess the barrier region associated with Arg-258 rotation.
Nucleotidyl transfer geometry and the magnesium coordination sphere
According to the general kinetic pathway of pol-b, the nucleotidyl transfer reaction that follows subdomain closing involves the attack on the P a of the substrate by 3#-hydroxy of the primer, extending the DNA primer strand by one base. This reaction is favored when the P a distance is 3 Å from the 3#-hydroxy of the primer. The 3#-OH is absent in the closed crystal complex; we thus modeled it based on coordinates of C3# in the starting structure. In the initial modeled structure, the P a -O3# distance was close to 3 Å ; this distance evolves after 10 ns to ;4.2 Å . This value is larger than required for the chemical reaction (see Fig. 6 ) and therefore we further examined this behavior. Our 1-ns control simulation from the crystal closed complex, resulted in a somewhat larger P a -O3# distance as well (K. Arora, unpublished data). Thus, we believe that the larger P a -O3# may reflect the force-field parameters and/or the fact that the nucleotidyl transfer step has a higher energy barrier and is rate limiting compared to the conformational change. The latter is supported by the suggested alternate mechanism for fidelity, where the ratelimiting step for nucleotide transfer is determined by stabilization of transition state during chemical step (Showalter and Tsai, 2002) . To determine whether conformational or chemical steps are rate limiting, mixed quantum and molecular mechanics simulations are needed (e.g., R. Radhakrishnan and T. Schlick, unpublished data) .
The magnesium ions are required for the nucleotidyl transfer reaction according to the two-metal-ion catalytic mechanism (Beese and Steitz, 1991) . Therefore, we monitored the coordination and motion of both Mg 21 (catalytic and substrate binding) ions throughout the simulation. The observed distances between the Mg 21 ions and the ligands are listed in Table 1 and Fig. 6 . We find that the coordination sphere of two Mg 21 ions is close to that observed in the crystal structure with a few noted exceptions. Specifically, the O1A oxygen atom from the substrates P a , a bridging ligand coordinated to both magnesium ions in the crystal structure, is coordinated only to the catalytic magnesium. Lacking the coordination with the O1A oxygen atom, the nucleotide binding ion coordinates with a water molecule (WAT3 in Fig. 6 ) not observed in the crystal structure. We also find the nucleotide binding magnesium to coordinate with two water molecules instead of one as observed in the crystal structure. Interestingly one water molecule (WAT1) becomes bound to a catalytic magnesium ion (see Fig. 6 ), a possibility predicted by crystallographic structures (Sawaya et al., 1997) . We also note the larger distance between the catalytic ion and the modeled O3#, not present in the crystal structure; this O3# might be expected to coordinate with the catalytic ion to complete the coordination sphere (see Fig. 6 ). These details may reflect imperfections of the force field, which is not parameterized to account for ligand to metal charge transfer and polarization effects. Still, the studies here shed light on the nature of subtle local conformational changes in the catalytic region on the substrate binding, like the rotations of with all conserved aspartates (190, 192, 256) tightly coordinating the Mg 21 ions. The other interatomic distances between substrate and magnesium ions crucial for catalysis are maintained throughout the simulation and are close to those observed in crystal closed conformation (see Table 1 ).
Polymerase-b/DNA complex without substrate
To test the ''induced-fit'' mechanism, we performed an analogous simulation of our enzyme/DNA system without the dCTP substrate and the Mg 21 ions in the binding site. If the induced-fit mechanism were to hold, we expect an opening motion of the thumb subdomain to occur rather than the closing thought to be triggered by the substrate in the binding site.
Subdomain motions
The superimposition of the pol-b structure after 10 ns with the crystal open and starting intermediate structures (superimposed according to C a atoms in the palm subdomain) depicts the large thumb subdomain movement toward the crystal open form (see Fig. 2 b1) . Also shown in the Fig. 2 , b2 and b3, is the a-helix N position compared to the starting, crystal open and closed structures. The overall opening trend is visible. The a-helix N in the simulated state is close to the crystal open conformation (RMSD ¼ 1.4 Å ). The time evolution of the thumb subdomain motion and overall dynamics of polymerase was followed by computing the RMSD and radius of gyration (R g ), throughout the simulation (see Figs. 3 b and 4 b) . Again, the overall opening motion of the enzyme and the significant motion of the a-helix N are evident. In contrast to the closing motion, the shift h of the a-helix N is almost constant and small in this case (1-2 Å ), and thus the total RMSD is a good measure of approach to the open state (supplemental Fig. S2 ). This observation of overall opening supports the induced-fit mechanism for maintaining polymerase fidelity.
We also note the relaxation of the thumb in either the closed or open conformation depending on whether there is substrate or no substrate in the polymerase binding site, within a few nanoseconds. This observation ties well with the recent experimental studies that suggest that subdomain motions are relatively fast and occur on the timescale of the order of a few nanoseconds (Vande Berg et al., 2001; Kim et al., 2003) . However, any estimate of the timescale warrants caution because our starting point is an intermediate structure designed to accelerate the conformational change event. The complete time of subdomain motions is likely slower than a few nanoseconds.
Motion of key active site residues
In sharp contrast to the pol-b simulation with substrate in the binding site, the 10-ns trajectory of pol-b without dCTP and Mg 21 ions in the substrate binding site reveals that residues in the active site flip or rotate to a conformation that resembles the open crystal structure. We observe the flip of Asp-192, rotation of Arg-258 toward Asp-192 to engage in forming salt bridge, breaking of the Tyr-296 and Arg-258 bond, and the flip of Phe-272 to allow for the rotation of Arg-258. These changes are easily visualized by superimposition of the simulated structure after 10 ns with the crystal open and the intermediate starting structure (see Fig. 5 b) . Crucial interatomic distances between these key residues are also shown in supplemental Fig. S4 .
To clearly show the final position of the a-helix N with respect to the crystal open and closed conformation, the time evolution of the shift distance (h) (see supplemental Fig. S1 ) was plotted for both trajectories of pol-b with and without substrate (see supplemental Fig. S2 ). For the trajectory with substrate in the active site, the shift distance (h) increases after 3 ns, suggesting the drift of a-helix N away from the line joining the geometric centers of a-helix N in the crystal open and closed structures. Although the a-helix N moves toward the closed conformation, it does so at some angle. On the other hand, the shift distance remains almost constant for the opening motion without substrate suggesting better overlap of the simulated structure with the crystal open form.
Beside these subdomain motions, approach to open or closed conformations, gains support by the associated rearrangement of local side chains in the pol-b active site, motions crucial for subsequent catalysis.
The results here highlight how the presence of the correct substrate or the absence of substrate in the pol-b binding site invokes contrasting response of protein residues in the microenvironment of the binding site. The binding site is thus extremely sensitive to the presence of the substrate. The thumb subdomain of the polymerase also shows the contrasting motions: closing in the presence of the substrate and opening without substrate, although not perfectly superimposable with the crystal conformation because of limited sampling. The two Mg 21 ions (catalytic and nucleotide binding) are also crucial for maintaining the tight active site geometry. The importance of Mg 21 in maintaining polymerase fidelity has been highlighted by several experimental studies like Beese and Steitz (1991) and Steitz (1993) . Although here we modeled catalytic Mg 21 and nucleotide binding Mg 21 in the polymerase active site as in crystal closed form, we cannot distinguish their individual roles on polymerase dynamics; this is addressed elsewhere (Yang et al., 2004) .
ESSENTIAL DYNAMICS ANALYSIS
Essential dynamics analysis was performed on the two dynamics trajectories analyzed above (pol-b/DNA with and without substrate) to separate large-scale correlated motions from small-scale random harmonic vibrations. Note that although principal component analysis is not appropriate for predicting long-time dynamics of proteins (Balsera et al., 1996; Clarage et al., 1995) due to sampling errors, it is reasonable when large-scale motions are observed during the simulation length (Balsera et al., 1996) . The two covariance matrices were diagonalized as detailed under methodology, and the resulting eigenvalues for the first 50 modes are shown in supplemental Fig. S5 . There are only a few dominant eigenvectors with large eigenvalues, suggesting that the essential subspace that encapsulates the large-scale protein motions is small relative to the total number of degrees of freedom. Specifically, the top 10 eigenvalues describe 80% of the overall motion magnitude for both systems. Figs. 7, a-c, and 8, a-c, illustrate the contribution of each C a atom to the motion along the top five principal component (PCs), trajectories along the PC axes, and the probability distribution of fluctuations from corresponding PCs for our two DNA/pol-b systems.
The projections of the trajectory amplitudes on the first few eigenvectors for both systems suggest that a significant component of the motion in the protein is concentrated in the thumb (residues 252-335) and 8-kDa (residues 1-90) regions. The thumb motion is particularly evident in PCs 1 and 2 with substrate and PCs 1 and 3 without substrate. Besides the thumb and 8-kDa regions, there is persistent motion in both cases in three loop regions corresponding to residue numbers [242] [243] [244] [245] [246] [247] [248] [249] [250] [200] [201] [202] [203] [204] [205] [206] [207] [208] [209] [210] [302] [303] [304] [305] [306] [307] [308] [309] [310] . PCs 3, 4, and 5 single out motions pertaining exclusively to the loop of residues 300-310 in the thumb subdomain of pol-b with substrate. From the probability distributions of displacements along the corresponding eigenvectors, we see that PC 1 corresponds to slow global motions with probability distributions far from Gaussian (Figs. 7 c and 8 c) . PC 1 of pol-b with substrate has three distinct peaks, suggesting structural transitions among different conformational states during closing; this suggests that closure occurs via a series of metastable states separated by low energy barriers, corroborating transition path sampling studies of the system (Radhakrishnan and Schlick, 2004) . The other PCs represent oscillations and lower amplitude motions. The comparison between the sampled and ideal Gaussian distributions yields a correlation coefficient, which can be plotted as the function of the eigenvector number as shown in supplemental Fig. S6 . The correlation coefficients between the actual distribution (by projecting the eigenvectors on the trajectories) and fitted Gaussians is between 0.46 and 0.99. Beyond PC 3, correlation coefficients are higher than 0.95, indicating a reduced dimension essential space in which the most functionally relevant motions of protein reside.
Specific motions corresponding to PCs can also be visualized by projecting all trajectory frames onto a specific eigenvector and the new trajectory; a visual inspection reveals the motion in the direction defined by the eigenvector. A rendering of the motion along the first three eigenvectors for both cases is shown in Fig. 9 , a and b. Motions are evident along the thumb and 8-kDa domain regions, as well as solvent-exposed loops of the protein: L1 (residues 200-210), L2 (residues 242-250), and L3 (residues 302-310). The palm and finger subdomains are almost superimposable and show the least movement. Subtle differences also exist between the two cases. The thumb subdomain explores different conformational spaces in the case with and without substrate (closing versus opening trends), as evident from PC 2 and other PCs. Another striking difference is the occurrence of larger 8-kDa domain motion when the substrate is present in the binding site (especially PC 1); this larger 8-kDa motion is correlated with the thumb subdomain closing movement. Protein residues in the thumb and 8-kDa domains come to spatial proximity and engage in bond formation that finally locks the molecule in the closed conformation. When the substrate is absent, the thumb undergoes an opening motion to move farther away from the 8-kDa domain, thus invoking smaller movements of 8-kDa domain.
CONCLUDING REMARKS
We have performed nanosecond-range molecular dynamics simulations of pol-b with and without substrate to investigate the induced-fit hypothesis of pol-b's large subdomain rearrangement. This investigation is warranted because correlation between the polymerase's subdomain conformation and the presence/absence of an incoming nucleotide is not obvious from static crystal structures. In the presence of substrate, we observe systematic rearrangement of residues in the microenvironment of the substrate, stabilizing the closed state for subsequent nucleotidyl transfer reaction. Without the nucleotide substrate, an opening motion is accompanied with a rearrangement of the residues in the binding site that may disfavor chemistry. Although our trajectories start from intermediate structures Our studies support the substrate-induced conformational change in pol-b and are consistent with the crystal structures of pol-b in open and closed forms that reveal a movement of the main-chain atoms of the thumb subdomain up to 7 Å upon nucleotide binding. The complementary principal component analysis helps to extract salient features from these trajectories. Interestingly, the first few principal components in both cases (with and without substrate) correspond to similar modes, with most of the motion concentrated in the residues of the thumb and 8-kDa subdomains. These results further support the functional importance of the thumb subdomain motion that polymerases employ in monitoring synthesis fidelity. Natural extensions of this work involve the study of polymerase dynamics in the presence of different incoming substrates, as done for the chemical reaction (Florián et al., 2003) . Studies of mismatches were also performed for the opening after chemistry (Yang et al., 2002b) and are underway by transition path sampling for a G:A mismatch (R. Radhakrishnan and T. Schlick, unpublished data) .
In addition, other studies that can generate complete reaction pathways-by Elber's stochastic path approach (Elber et al., 2003 ) and Chandler's transition path sampling (Bolhuis et al., 2000) -will undoubtedly shed further insights on polymerase mechanisms at atomic resolution.
DNA POLYMERASE b MOVIES
Movies from our 10-ns dynamics simulations of DNA pol-b with and without substrate can be viewed to better comprehend the motion described here. The animations show the large global motions as well as accompanying local conformational changes in the active site. We have also prepared movies of the top two eigenvectors from our essential dynamics analysis that smoothly depict the backbone dynamics of the pol-b. These products can be viewed on http://monod.biomath.nyu.edu/index/papdir/pap_2_107.html.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting BJ Online at http://www.biophysj.org.
